A series of twelve 2-[(E)-2-substituted-ethenyl]-1,3-benzoxazoles was designed. All the synthesized compounds were tested against three mycobacterial strains. The compounds were also evaluated for their ability to inhibit photosynthetic electron transport (PET) 
Introduction
The design of new compounds that focused on resistant bacteria, mycobacteria, and fungi has become one of the most important areas of antimicrobial research today, since resistance of pathogenic bacteria toward available antimicrobial drugs is rapidly becoming a major problem worldwide. The increasing incidences of tuberculosis (TB), the number of cases of multi-drug-resistant strains of Mycobacterium tuberculosis (MDR-TB), and infections by nontuberculous mycobacteria (NTM) that are connected with the increase of the number of immunocompromised patients and evolving resistance mycobacterial species to antimycobacterial chemotherapeutics make the discovery of new molecular scaffolds a priority [1] [2] [3] [4] [5] . Because of the high profile of M. tuberculosis, the pathogenic role of other NTM in humans was overshadowed for a long time. For example, M. kansasii (one of the most virulent NTM) causes always more common 2 The Scientific World Journal nontuberculous mycobacterial lung infections [6] ; therefore, it is urgent to search novel potential antimycobacterial agents not only against TB/MDR-TB but also against NTM strains.
Benzoxazole and its isosteres benzimidazole and benzothiazole represent privileged structures, that is, they are useful ligands for more than one type of receptor or enzyme targets by judicious structural modifications. They are privileged structural units not only in the pharmaceutical industry but also in several other fields such as agricultural, electronic, and polymer chemistry. The benzoxazole system is present in numerous antimicrobial agents [5, [7] [8] [9] [10] [11] [12] [13] [14] [15] . It was also found that benzoxazoles and benzothiazoles exhibit significant herbicidal [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and antialgal activity [18, 19, 26, 27] .
Benzoxazoles can be considered as structural bioisosteres of nucleotides such as adenine and guanine, which allow them to interact easily with the biopolymers of a living system [10, 28] . Also it was found that benzoxazoles inhibit essential bacterial enzymes, such as hyaluronan lyase [11] and isocitrate lyase [12] , as well as bacterial two-component systems [29] [30] [31] . Although the mode of action of some herbicidal benzoxazoles and benzothiazoles consists in inhibition of fatty acid synthesis, over 50% of commercially available herbicides act by reversible binding to photosystem II (PS II), a membraneprotein complex in the thylakoid membranes, which catalyses the oxidation of water and the reduction of plastoquinone [32] , and thereby inhibit photosynthesis [33] [34] [35] .
Both pharmaceuticals and pesticides (including herbicides) are designed to target particular biological functions, and in many cases they target similar processes or have similar molecular sites of action. For many years, virtually all pharmaceutical companies had agrochemical divisions. Leads for pharmaceuticals and pesticides often overlap, in some cases leading to similar compounds used for human health and weed management purposes. Multiple activities of various herbicides/herbicide classes show potential pharmaceutical properties, both as therapeutic agents that act through human molecular target sites and those that act on infectious agents [36] [37] [38] . Moreover, good correlation between antimicrobial activities and herbicidal effects was found [19, 25, [39] [40] [41] [42] [43] [44] [45] .
The prepared 2-styrylbenzoxazole-like compounds were designed as potential antimycobacterial agents and tested against three mycobacterial species. As it is known that a number of antimicrobial compounds display also photosynthesis inhibiting activity (bond to PS II) [19, 25, [39] [40] [41] [42] [43] [44] , all the prepared compounds were evaluated in relation to inhibition of photosynthetic electron transport (PET) in spinach (Spinacia oleracea L.) chloroplasts. Relationships between the structure and in vitro antimycobacterial activities or/and inhibitory activity related to inhibition of photosynthetic electron transport (PET) in spinach chloroplasts of the new compounds are discussed.
Material and Methods

Chemistry.
The chemicals were purchased from commercial sources (Sigma Aldrich, Acros Organics, TCI, Merck).
Commercial grade reagents were used without further purification. Reactions were monitored by means of thin layer chromatography plates coated with 0.2 mm Silica Gel 60 F254 (Merck). TLC plates were visualized by UV irradiation (254 nm). The products were purified by crystallization, by means of column chromatography employing Silica Gel 60 (Merck). All melting points were determined on Melting Point B-540 apparatus (Buchi, Germany) and are uncorrected. NMR spectra were measured in CDCl 3 solutions on a Bruker Avance 300 or 500 MHz apparatus. The chemical shifts are given in ppm, relating to chemical shift of the solvent. The coupling constants (J) are reported in hertz (Hz). Elemental analysis (C, H, N) was performed on a Thermo Scientific Flash 2000 Organic elemental analyser. (6. 78 mmol) and the appropriate aldehyde (1.695 mmol) were added to a stirred mixture of dry THF (10 mL) and t-BuOH (2 mL) under argon atmosphere. Then the mixture was cooled to −50 ∘ C and 1 M solution of potassium tert-butoxide in THF (2 mL) was slowly added to keep temperature below −50 ∘ C. During addition, the reaction mixture changed light yellow colour to green. Reaction mixture was stirred at −50 ∘ C for 2 hours. Temperature was then raised to approx. −26 ∘ C and kept for 3 hours. After that the reaction mixture was kept at ambient temperature and dark for 18 hours. The reaction mixture was then treated with 5% water solution of sodium hydrogen carbonate (30 mL) and toluene (30 mL). The organic phase was extracted with brine, dried over Na 2 SO 4, and filtered, and the solvent was evaporated under reduced pressure. The mixture contained the desired product, and starting 2-methylbenzo[d]oxazole was purified by column chromatography (hexane-ethyl acetate, 9 : 1). Given are yields of isolated compounds. (9) ∘ C, and sample temperature, 10 ∘ C. The detection wavelength of 210 nm was chosen. The KI methanolic solution was used for the dead time ( ) determination. Retention times ( ) were measured in minutes. The capacity factors k were calculated using the Empower 2 Chromatography Data Software according to formula k = ( − )/ , where is the retention time of the solute, whereas denotes the dead time obtained using an unretained analyte. The log values of the individual compounds are shown in Table 1 ∘ C. Reading was carried out on a stand with a bottom magnifying mirror, macroscopically, with the use of a magnifying glass. The growth in plates was evaluated after 14 and 21 days of the incubation. The growth of the colonies in a control well plate, corresponding to the growth into 100 colonies in the control Lowenstein-Jensen medium, was considered as optimum dilution for evaluation of the results. In the course of the test evaluation, the minimum inhibitory concentration (MIC ( mol/L)) was considered as the lowest substance concentration at which the inhibition of mycobacteria growth occurs [50] . The MIC value is routinely and widely used in bacterial assays and is a standard detection limit according to the Clinical and Laboratory Standards Institute (CLSI). Isoniazid was used as the reference antimycobacterial drug. The results are summarized in Table 1 .
Synthesis. General procedure for synthesis of
2-[(E)- 2-substituted-ethenyl]-1,3-benzoxazoles (1-14): 2-Methylben- zo[d]oxazole
2-[(E)-2-Phenylethenyl]-1,3-benzoxazole (1)
.
2-[(E)-2-(4-Chlorophenyl)ethenyl]-1,3-benzoxazole (6)
2-{(E)-2-[4-(Trifluoromethyl)phenyl]ethenyl}-1,3-benzoxazole (7)
2-[(E)-2-(Furan-2-yl)ethenyl]-1,3-benzoxazole
2-[(E)-2-(5-Ethylfuran-2-yl)ethenyl]-1,3-benzoxazole (10
Lipophilicity Determination by HPLC (Capacity Factor k/Calculated log k). A Waters
Study of Inhibition of Photosynthetic Electron Transport (PET) in Spinach
Chloroplasts. Chloroplasts were prepared from spinach (Spinacia oleracea L.) according to Masarovicova and Kralova [51] . The inhibition of photosynthetic electron transport (PET) in spinach chloroplasts was determined spectrophotometrically (Genesys 6, Thermo Scientific), using an artificial electron acceptor 2,6-dichlorophenol-indophenol (DCPIP) according to Kralova et al. [16] , and the rate of photosynthetic electron transport was monitored as a photoreduction of DCPIP. The measurements were carried out in phosphate buffer (0.02 mol/L, pH 7.2) containing sucrose (0.4 mol/L), MgCl 2 (0.005 mol/L), and NaCl (0.015 mol/L). The chlorophyll content was 30 mg/L in these experiments and the samples were irradiated (∼100 W/m 2 with 10 cm distance) with a halogen lamp (250 W) using a 4 cm water filter to prevent warming of the samples (suspension temperature 22 ∘ C). The studied compounds were dissolved in DMSO due to their limited water solubility. The applied DMSO concentration (up to 4%) did not affect the photochemical activity in spinach chloroplasts. The inhibitory efficiency of the studied compounds was expressed by IC 50 values, that is, by molar concentration of the compounds causing 50% decrease in the oxygen evolution rate relative to the untreated control. The comparable IC 50 value for a selective herbicide 3-(3,4-dichlorophenyl)-1,1-dimethylurea, DCMU (Diuron), was about 1.9 mol/L. The results are shown in Table 1 .
Study of Aromatic Amino Acids Fluorescence in Spinach
Chloroplasts. The fluorescence emission spectra of aromatic amino acids (AAA) in spinach chloroplasts were recorded on fluorescence spectrophotometer F-2000 (Hitachi, Tokyo, Japan) using excitation wavelength ex = 275 nm, excitation slit 20 nm, and emission slit 10 nm. The phosphate buffer used for dilution of the chloroplast suspension was the same The Scientific World Journal 5 as described above. Due to low aqueous solubility the compounds were added to the chloroplast suspension in DMSO solution. The DMSO concentration in all samples was the same as in the control (10%). The chlorophyll concentration in the chloroplast suspension was 10 mg/L. 
Results and Discussion
Lipophilicity.
Lipophilicity is a property that has a major effect on ADME/Tox properties as well as pharmacological activity, because drugs mostly cross biological membranes through passive transport, which strongly depends on their lipophilicity. Lipophilicity has been studied and applied as an important drug property for decades. This parameter was measured by means of RP-HPLC and expressed as logarithm of capacity factor k. The procedure was performed under isocratic conditions with methanol as an Table 1 and the match of the experimental determined lipophilicity log k with calculated distributive parameters is illustrated in Figure 1 .
Compounds from the series of 2-[(E)-2-substitutedethenyl]-1,3-benzoxazoles showed a wide range of lipophilicities with log k values from ca. 0.75 (9) to ca. 1.14 (11). The results obtained for compounds 1-12 show that the experimentally determined lipophilicities (log k) of the discussed compounds are in accordance with the calculated values of the compounds as shown in Figure 1 ( = 12, = 0.9539) .
Based on the results it can be stated that heterocycles demonstrated lower lipophilicity (9 < 8) than phenyl (1); only compound 10 showed higher lipophilicity than 1. 2-[(1E,3E)-4-arylbuta-1,3-dien-1-yl]-1,3-benzoxazoles 11 and 12 expressed higher lipophilicity than styryl derivatives 1-7. Lipophilicity of these derivatives increased as follows: OCH 3 < SCH 3 < CH 3 < Cl < CF 3 . The 2-methoxy moiety (compound 2) showed lower lipophilicity than the 4-methoxy moiety (compound 3) that demonstrated slightly lower lipophilicity than its cyclic analogue 2- Table 1 ), none of the compounds showed any activity against M. tuberculosis; nevertheless, the activity of some benzoxazole derivatives against M. kansasii and especially against M. avium considerably exceeded the activity of isoniazid (INH) used as the standard. Compound 6 had the lowest activity, and 2-[(E)-2-(4-methoxyphenyl)ethenyl]-1,3-benzoxazole (3) and 2-[(E)-2-(2,3-dihydro-1-benzofuran-5-yl)ethenyl]-1,3-benzoxazole (8) had the highest antitubercular/antimycobacterial activities against all three strains; see Table 1 . It is important to note that 2,3-dihydro-1-benzofuran-5-yl (substituent of 1,3-benzoxazole in compound 8) is a cyclic analogue of the 4-methoxyphenyl moiety (compound 3), and this group is also isosteric to the methylsulfanyl moiety (compound 4), which is another potentially effective substituent. Although the number of compounds demonstrating antimycobacterial activity is limited and the solubility of some compounds in the testing medium was restricted, correlations between log(1/MIC (mol/L)) and lipophilicity expressed as log k can be found; see Figure 2 . Despite appreciable variance observed in MIC values it can be generally concluded that antitubercular/antimycobacterial activity is especially influenced by lipophilicity. It seems that, with the exception of sulfuric isostere 4, the antitubercular activity decreases approximately linearly with increasing lipophilicity (Figure 2(a) ). On the other hand, the dependence of log(1/MIC (mol/L)) on log k was quasiparabolic for M. avium (Figure 2(b) ), while for M. kansasii (Figure 2(c) ) the antimycobacterial activity moderately increased with the increasing lipophilicity of the compounds (log k from 0.7503 (9) to 1.0702 (10)). For compounds with higher lipophilicity (log k ranged from 1.1226 (6) to 1.1411 (11)) the inhibitory activity varied from 62.5 mol/L (4) to 500 mol/L (6, 11). However, due to the limited solubility of some compounds in the testing medium considerable variance in MIC values was observed, and clear dependence of log(1/MIC (mol/L)) on log k in this range of lipophilicity could not be found.
Also the following SAR observations were made for this series of compounds. Substitution by the phenyl ring showed similar activity as substitution by the furanyl ring. Substitution of ortho-position decreased activity in comparison with substitution of para-position (see compounds 2 and 3). Substitution of phenyl ring by electron-donor moieties such as the methoxy group (compound 3) seems to be more advantageous than substitution by electron-withdrawing, for
The Scientific World Journal example, chloro-or trifluoromethyl, moieties (compounds 6, 7). This observation is different than in case of ringsubstituted 2-phenyl-5,7-di-tert-butylbenzoxazoles [10] . Prolongation of ethenyl linker to the butadienyl chain decreased activity; compare 1 and 11. Generally it can be concluded that the 4-methoxy moiety is a favourable substituent within the series of compounds; compare 3 and 1 or 12 and 11.
Inhibition of Photosynthetic Electron Transport (PET)
in Spinach Chloroplasts. As was mentioned above, drugs and agrochemicals as biologically active compounds can target similar sites of action. Thus herbicides can also have molecular sites of action in mammals/nonplant organisms, but targeting compounds to biological systems with similar physicochemical properties can lead to completely different biological responses in plants and animals. For example, fluconazole was firstly discovered as a potent pesticide, and subsequently it was confirmed as an antifungal drug [37] . Moreover, extensive screening of novel compounds is needed and recommended in order to estimate the influence of these compounds on different nontarget organisms after entry into the environment [52, 53] .
The activity of the evaluated substituted benzoxazoles related to inhibition of photosynthetic electron transport (PET) in spinach (Spinacia oleracea L.) chloroplasts was moderate or low relative to the standard; see Table 1 . The PET-inhibiting activity of compounds was expressed by negative logarithm of IC 50 value (compound concentration in mol/L causing 50% inhibition of PET) and varied from 76. 3-benzoxazole, 11) . The PETinhibiting activity of compound 7 could not be determined due to precipitation of the compounds during the experiments. 2-[(E)-2-(2-Methoxyphenyl)ethenyl]-1,3-benzoxazole (2), the only ortho-substituted compound, showed the highest PET-inhibiting activity (IC 50 = 76.3 mol/L). Effective PET inhibition was observed previously also for some ring-substituted salicylanilides and carbamoylphenylcarbamates substituted in position 2 [39] . However, to ascertain whether substitution in position 2 would be advantageous from the aspect of higher PET inhibiting activity also for the studied 2-[(E)-2-substituted-ethenyl]-1,3-benzoxazoles, more detailed study with a set of 2-substitued compounds would be necessary. Despite the relatively low inhibitory activity of the studied compounds, correlations between log(1/IC 50 (mol/L)) and the molar volume (MV (cm 3 )) of individual substituents in C (2) position of the 2-[(E)-ethenyl]-1,3-benzoxazole scaffold or the lipophilicity of compounds expressed as log k were found; see Figure 3 .
Based on the obtained results (see Table 1 , Figure 3 (a)) it can be stated that PET-inhibiting activity is influenced by the molar volume of substituents. When derivatives 6 and 11 showing the lowest PET-inhibiting activity are eliminated, the bilinear dependence of log(1/IC 50 (mol/L)) on the molar volume can be observed (Figure 3(a) ). On the other hand, the biological activity is also affected by lipophilicity. In general, for heterocyclic and/or para-substituted derivatives of 2-[(E)-ethenyl]-1,3-benzoxazole a linear increase of PET inhibiting activity with increasing lipophilicity to log k ca. Figure 3 (b) where the dependence of log(1/IC 50 (mol/L)) on log k is illustrated. However, the subsequent increase of lipophilicity is associated with the rapid decline of PET-inhibiting activity which could be connected with decreasing solubility of the compounds.
was only moderate, which is presented in
An experiment with 2,5-diphenylcarbazide (DPC), an artificial electron donor acting in Z/D intermediate on the donor side of PS II, was performed to specify the site of action of the tested compounds in the photosynthetic apparatus. Practically complete restoration of photochemical activity of chloroplasts (up to 93% of the control) that was previously suppressed by the tested compounds indicated that their site of action is situated on the donor side of PS II. In our previous studies we found that the site of inhibitory action of N-substituted 2-aminobenzothiazoles [25] , ringsubstituted 3-hydroxynaphthalene-2-carboxanilides [42] , and 2-hydroxynaphthalene-1-carboxanilides [43] as well as 5-bromo-and 3,5-dibromo-2-hydroxy-N-phenylbenzamides [54] is also situated exclusively on the donor side of PS II, and these compounds, similarly to studied 2-[(E)-2-substitutedethenyl]-1,3-benzoxazoles, did not damage the core of PS II (P680).
The interaction of studied compounds with aromatic amino acids (AAA) occurring in photosynthetic proteins of spinach chloroplasts situated in PS II was monitored by the quenching of AAA fluorescence at 334 nm. The fluorescence emission spectra of AAA of untreated spinach chloroplasts and of compound 3 are presented in Figure 4 . A strong decline of AAA fluorescence with increasing concentration of 3 indicates its interaction with these constituents of photosynthetic apparatus resulting ultimately in PET inhibition. Similar interaction with AAA was observed previously for several PET inhibitors, for example, substituted N-benzylpyrazine-2-carboxamides [55] , ring-substituted 2-hydroxy-naphthalene-1-carboxanilides [43] , and 5-bromoand 3,5-dibromo-2-hydroxy-N-phenylbenzamides [54] .
The Scientific World Journal (8) expressed significantly higher activity against M. avium and M. kansasii than the standard isoniazid. All three compounds showed comparable activity; compound 8 is a cyclic analogue of 3 and compound 4 is an isostere of 3. It can be stated that lipophilicity, type, and position of substitution play the key role in influencing the antimycobacterial activity of compounds.
